This paper analyses the Whole Earth Telescope observations of HL Tau 76, the first discovered pulsating DA white dwarf. The star was observed during two Whole Earth Telescope campaigns. It was a second priority target during the XCOV13 campaign in 1996 and the first priority one during the XCOV18 campaign in 1999. The 1999 campaign reached 66.5% duty cycle. With a total duration of 18 days, the frequency resolution achieved is 0.68 µHz. With such a frequency resolution, we were able to find as many as 78 significant frequencies in the power spectrum, of which 34 are independent frequencies after removal of all linear combinations. In taking into account other frequencies present during the 1996 WET campaign and those present in earlier data, which do not show up in the 1999 data set, we find a total of 43 independent frequencies. This makes HL Tau 76 the richest ZZ Ceti star in terms of number of observed pulsation modes. We use those pulsation frequencies to determine as much as possible of the internal structure of HL Tau 76. The pulsations in HL Tau 76 cover a wide range of periods between 380 s and 1390 s. We propose an identification for 39 of those 43 frequencies in terms of = 1 and = 2 non-radial g-modes split by rotation. We derive an average rotation period of 2.2 days. The period distribution of HL Tau 76 is best reproduced if the star has a moderately "thick" hydrogen mass fraction log q H ≥ −7.0. The results presented in this paper constitute a starting point for a detailed comparison of the observed periods with the periods calculated for models as representative as possible of HL Tau 76.
Introduction
There are 71 pulsating DA white dwarfs presently known (the ZZ Ceti or DAV stars). This number is composed on one hand of the 36 ZZ Ceti stars published prior to the first release of the Sloan Digital Sky Survey (SDSS) and includes the ZZ Ceti stars recently discovered on the basis of their location in the logg − T eff diagram: G30-20 (Mukadam et al. 2002) , MCT 0145-2211 and HE 0532-5605 (Fontaine et al. 2003 ), LP133-144 and HE1258+0123 (Bergeron et al. 2004) . They lie well inside the ZZ Ceti instability strip as defined by Bergeron et al. (1995) . On the other hand, 35 new ZZ Ceti stars have been discovered from the first release catalog of the SDSS (Mukadam et al. 2004a; Abazajian et al. 2003; Harris et al. 2003; Kleinman et al. 2004 ). The 36 previously published ZZ Ceti stars define a narrow instability strip in the H-R diagram (or in the log g − T eff diagram) of trapezoidal form due to the mass dependence of its blue and red edges. Its location in T eff depends on the adopted prescription for the convection. Bergeron et al. (1995) have shown that within the framework of the mixing lenght theory (MLT), the choice of the ML2 version with a mixing length equals to 0.6 pressure height scale optimizes the Balmer lines profiles and the energy distribution from the UV to the visible wavelength range. For the average DA mass, it ranges from 12 460 ± 200 K for the hottest (G226-29) to 11 070 ± 200 K for the coolest (G30-20 and BPM24754), according to Bergeron et al. (1995) , Fontaine et al. (2003) and Bergeron et al. (2004) . According to Bergeron et al. (2004) , the instability strip for these ZZ Ceti white dwarfs is a "true" instability strip, which means that all the DA white dwarfs falling inside this region of the H-R diagram do pulsate (no non-pulsating DA has yet been found within the instability strip in this sample). This is in disagreement with the instability strip derived from the SDSS newly discovered ZZ Ceti stars. Mukadam et al. (2004b) suggest that it is not pure. Whether this results from a genuine cohabitation of pulsators and non-pulsators within the instability strip or from larger uncertainties in the atmospheric parameters derived from the SDSS needs to be examined. The DA white dwarfs of the SDSS sample falling within the instability strip are fainter than those analyzed by Bergeron et al. (2004) . Their atmospheric parameters are derived from lower S/N spectra: for instance, the S/N of the spectrum for the brighest non variable star (WD 1338-0023, g = 17.1) in the Mukadam et al. (2004b) sample is 35 (Kleinman et al. 2004) , while all the DA spectra analyzed by Bergeron et al. (2004) have a S /N ≥ 80. It suggests that the location of the SDSS DA white dwarfs in the log g − T eff diagram suffers larger uncertainties. This may explain the overlap between pulsators and non-pulsators within the Mukadam et al. (2004b) instability strip.
Whether the instability strip is pure or not pure is an important issue since, if the instability strip is a "pure" one, then it is an indication that the internal structure of the ZZ Ceti white dwarfs as derived from asteroseismology is representative of the DA white dwarfs as a whole group. DA white dwarfs represent 80% of the total white dwarf population (Fleming et al. 1986) . As the white dwarfs are the last evolutionary stage of low and intermediate mass stars, which form the vast majority of all stars, it is important to know their internal structure as precisely as possible.
The white dwarf cooling sequence could potentially be used as a powerful cosmochronological tool . One finds most of the known white dwarfs in the solar neighbourhood, but they are also present in both open and globular clusters, and some have been identified as potential galactic halo members. In each case, calibrating the corresponding cooling sequence would provide an age determination, independent from other methods, and hopefully more precise. This goal is not yet achieved however, due to various uncertainties in the models. Among those uncertainties, the unknown proportion and distribution of C and O in the core and the incomplete understanding of the way they crystallize at the low luminosity end of the cooling sequence affect the estimate of the total thermal energy reservoir, while the unknown helium and hydrogen content and thickness of the envelope affects the estimate of the rate at which this energy is released through radiation and/or convection. They introduce an uncertainty on the derived age of the coolest white dwarfs on the order of 2 Gyr (Winget & Van Horn 1987; see Fontaine et al. 2001 for a recent review).
The asteroseismological study of the ZZ Ceti white dwarfs can help in reducing part of these uncertainties by constraining the stars' total mass and hydrogen mass fraction. The difficulty in determining these values from asteroseismology comes from two main sources: 1) they show generally few modes, in contrast with the theoretical calculations which predict many more unstable modes than observed; and 2) the pulsation amplitudes become increasingly variable as the ZZ Ceti stars become closer to the red edge of the instability strip so that some of the modes may have amplitude below the detection limit during a given observing season, which implies that more than one observing season is necessary to recover a useful power spectrum. Both effects make it difficult to find enough modes to apply the standard method of asteroseismology which needs a sufficient number of pulsation modes to be observed and identified.
Most of the ZZ Ceti stars close to the instability strip blue edge show constant pulsation amplitude. But in this case, very few modes are unstable since the stars are just entering the instability strip. In those stars, the κ-γ mechanism due to hydrogen partial ionization is responsible for the instability since the fraction of the flux conveyed by convection is negligible (Dolez & Vauclair 1981; Winget et al. 1982) . However, as they show too few modes for traditional pattern matching analysis, one can only rely on a direct comparison of the frequencies computed in white dwarf models with the observed frequencies to constrain the model, or a set of plausible models, which best reproduce the observations. There is generally no unique solution. As the white dwarfs cool within the instability strip, convection carries an increasing fraction of the flux as T eff decreases. Brickhill (1983 Brickhill ( , 1990 Brickhill ( , 1991a found that since the convection zone responds almost instantaneously to the pulsations, it can drive the pulsations. The convective driving in ZZ Ceti stars was further analyzed by Goldreich & Wu (Wu & Goldreich 1999 Goldreich & Wu 1999a,b; Wu 2001) . As the ZZ Ceti cool and the convection zone deepens, more and more modes are driven and the convection give them increasing energy (and so more power). Since the depth of the convection zone varies in response to the variations of the physical conditions induced by the pulsations (temperature and pressure) non linearities occur in the surface flux perturbations which show up through an increasing complexity of the power spectra, variability of the amplitudes, non-sinusoidal pulse shapes, linear combinations of frequencies, etc. Closer to the red edge, almost all the flux is carried by convection. The strong feedback of convection on the pulsations now results in the damping of many of the modes, so that again fewer modes are available for asteroseismological diagnosis. So, the determination of the hydrogen mass fraction for individual ZZ Ceti stars has been attempted in very few cases. This led Clemens (1993) to consider the pulsation properties of the ZZ Ceti stars as a group. From the similarities in the period distribution observed in the hot ZZ Ceti stars, he concluded that they should also have a somehow similar internal structure and estimated that their hydrogen mass fraction should be around M H /M * = 10 −4 , the value predicted by stellar evolution theory.
Looking for the ZZ Ceti stars for which a hydrogen mass determination has been proposed, one can check that in most cases those determinations rely on a small number of detected modes whose identification remains often ambiguous. Table 1 summarizes the results on the hydrogen mass fraction determined from asteroseismology. Except for G29-38, which is the best studied ZZ Ceti star up to now and in which 19 multiplets have been identified as possible = 1 modes, the number of available modes is small. In 5 of the ZZ Ceti stars listed, out of 8 total, the hydrogen mass fraction is estimated The number of modes is obtained after subtracting the linear combinations and harmonics from the power spectra. Its does include multiplet components induced by rotational splitting (except in the case of G 29-38 where the indicated number is the total number of multiplets). This number is the sum of all the modes observed during various observing seasons. References: 1) Kepler et al. (1995) ; 2) Bradley (1993 Bradley ( , 2001 ; 3) Bradley (1998); 4) Bergeron et al. (1993) , Bradley (2001) ; 5) Kleinman et al. (1998) ; 6) Robinson et al. (1995) , Bradley (1998) ; 7) Pfeiffer et al. (1996) ; 8) Kanaan et al. (2005) , Metcalfe et al. (2004) , but see also Fontaine & Brassard (2004) .
to be ≈10 −4 M WD , where M WD is the white dwarf mass. These estimates rely mostly on the assumption that the shortest observed periods are correctly identified as the periods of the lowest order = 1 modes calculated in DA white dwarf models. In some of those models, the effects of varying the helium mass fraction has been included in the analysis, while in others models a standard value of 10 −2 has been adopted as in the Wood's (1995) evolutionary sequences. In the other three cases, G29-38, GD154 and BPM37093, it is smaller. However, it must be emphasized that in the case of G29-38, there is not yet a convincing model so that the quoted value is only a preliminary estimate. In the case of GD 154, the estimate is based on the assumption that the three independent modes seen during the WET campaign were trapped modes, an assumption which may not be generally true since in the pulsating white dwarfs which show more modes, the largest amplitude ones are not necessarily trapped. For BPM37093, the hydrogen mass fraction is not strongly constrained since the possible models which fit equally well the observed periods cover a rather large range.
Since the hydrogen mass fraction estimate largely relies on a proper identification of the modes, which is often difficult even from long time-series photometric data, two alternative methods have been devised. In the first case, the wavelength dependence of the pulsation amplitudes has been used to select the degree of the modes (Robinson et al. 1995; Kepler et al. 2000b ). The method requires data covering a large enough wavelength range, including preferably the UV where the amplitudes vary most significantly. It also requires high S/N ratio to distinguish between = 1 and = 2 modes whose predicted amplitude variations are quite close. The second method uses time-dependent spectrophotometry Clemens et al. 2000; Kotak et al. 2002a; Thompson et al. 2003 Thompson et al. , 2004 . The variations in the line profile during the pulsation cycle contain information on the degree of the modes. This method implies the use of large telescopes since it relies on high resolution spectroscopy with good enough S/N on time scale which should be a fraction of the typical periods. However, both methods would also require long enough timeseries to resolve the close frequencies of rotationally split multiplets or of overlapping modes of different degrees, a condition which cannot be easily satisfied.
To summarize, the question of whether the DA white dwarfs all have the same hydrogen mass fraction is presently unsettled. A hydrogen mass fraction of 10 −4 M WD is adopted as a "standard" value in most models used in computing cooling sequence (the so called "thick" hydrogen models). If a large dispersion in the hydrogen mass fraction in DA white dwarfs was found to be real, it would introduce an equivalent dispersion in the age of white dwarfs of a given luminosity and increase the uncertainty in the age calibration of the white dwarf luminosity function.
So, trying to determine the hydrogen mass fraction in DA white dwarfs from the asteroseismology of the ZZ Ceti stars is worthwhile. HL Tau 76 is a ZZ Ceti star of particular interest in this respect. It shows a large number of pulsation frequencies whose hopefully a significant fraction should be independent pulsation modes. As a result, the model is expected to be rather strongly constrained and its main parameters, including its hydrogen mass fraction, well determined.
The star was the primary target of a Whole Earth Telescope (WET, Nather et al. 1990 ) campaign whose results are described in the present paper. In Sect. 2, the observations and the data reduction are presented. Section 3 gives a global description of the power spectrum while Sect. 4 offers a detailed analysis of the power spectrum and a discussion of its variations compared to previous observations. Section 5 is devoted to the asteroseismological interpretation of our data. Section 6 summarizes our results.
Observations and data reduction

Summary of previous work
With a T eff = 11 440 ± 350 K (Bergeron et al. 1995) , HL Tau 76 is part of a group of ZZ Ceti stars located in the cool part of the instability strip, the red edge being defined by G30-20 and BPM24754 at T eff = 11 070 ± 200 K. Its log g = 7.89 ± 0.05 translates to a mass of M/M = 0.55 ± 0.03 assuming it has a pure carbon core, a helium layer fractional mass M He /M WD = 10 −2 and a "thick" hydrogen layer fractional mass M H /M WD = 10 −4 , according to Bergeron et al. (1995) from the models of Wood (1995) . However, since the hydrogen and helium mass fraction are not known, the derived total mass cannot be tightly constrained by spectroscopy alone.
HL Tau 76 = V411 Tau is the very first discovered pulsating white dwarf (Landolt 1968) . In the original discovery data set, Landolt identified a quasi-periodic variation of about 12.5 min with a large amplitude of 0.14 mag. This discovery was confirmed by observations of Warner & Nather (1970 , 1972 and the main period was more precisely determined as 12.437 min. The light curve of Warner & Nather (1972) was reanalysed by Page (1972) who established for the first time the multiperiodicity of HL Tau 76 in finding three periods: 748.5 ± 2 s, 665 ± 2 s and 628 ± 2 s. Later, Fitch (1973) obtained new observations confirming the multiperiodicity of HL Tau 76. However, while the largest amplitude was still at a period of 748.5 s, another period of 494 s was present in the light curve, while the periods previously detected at 665 s and 628 s were absent, thus revealing the amplitude variations of HL Tau 76. Such amplitude variations were commonly found in many other ZZ Ceti stars discovered later on. HL Tau 76 has been further observed, either from single-site or from multi-site photometric campaigns, including a WET campaign (XCOV13) in February 1996, where it was a secondary target. A preliminary analysis of the data available until 1997 has been presented by Dolez & Kleinman (1997) . The available single-site data include those obtained at the 1.5 m telescope of the Tenerife Observatory in November 1989, at the 1.9 m telescope of the Haute Provence Observatory in December 1989 and at the 36-in telescope of the McDonald Observatory in October 1990. A short description of those observations is given in Dolez & Kleinman (1997) . In this paper, we will use those results when necessary. The frequency resolution achieved by these observations are ≈1.1 µHz in November 1989, ≈9 µHz in December 1989, ≈5.4 µHz in October 1990 and 2.6 µHz during XCOV13. In addition, a short run of time-resolved spectroscopy is described by Kotak et al. (2002b) .
The observations
The observations described in this paper result from the Whole Earth Telescope multisite fast photometry campaign (XCOV18) organized in November 1999. During that campaign, HL Tau 76 was the first priority target.
The data have been obtained mostly with 3-channel photometers all equipped with blue sensitive photomultipliers (Hamamatsu R647-04 or similar) and used without a filter (white light). These instruments fulfill the specifications and requirements as prescribed by Kleinman et al. (1996) . The sampling time was either 5 s or 10 s. The sky background is continuously monitored by the third channel, with the target and comparison stars placed in the other two channels. Some data have been obtained with CCD photometers. Table 2 gives the Journal of the observations. The CCD data are identified in the last column.
During that campaign, the non-overlapping data resulted in a 66.5% duty cycle. The total duration of the campaign was 18 days. The data of 17 days were used for the computation of the power spectrum which leads to a frequency resolution in the Fourier Transform of the corresponding light curve ≈0.68 µHz.
Data reduction
The photomultiplier (PMT) photometer data have been reduced in a now standard way (Nather et al. 1990; Kepler 1993) . In 3-channel photometers, the sky background is measured at the beginning and at the end of each run in all channels. These data are used to determine the sensitivity ratios of the channels.
The sky background is subtracted point by point from the target and comparison star channels, after application of the proper sensitivity ratios. Each star channel is then corrected for extinction and normalized. When conditions show evidence for transparency variations, the normalized target star channel counts are divided by the smoothed comparison star channel counts. Subtracting unity from the resulting time series gives the time series on which the barycentric correction to the time base is applied. The exposure times of the PMT data were 5 or 10 s while in the case of the CCD data they were close to 30 s. We performed some simulations to estimate the consequence of adding data sampled at different rates, which is the case for our data (PMT + CCD). We considered different combinations of parts of a noise free single sinusoidal light curve, with gaps, sampled at different rate (5 s, 10 s, 20 s) and calculated the corresponding window functions. This always results in a degraded window function showing higher amplitude aliases compared to the window function computed from the same light curve sampled at a uniform rate. As a result, we decided to homogenize the sampling rate by summing the PMT data to 30 s, after having checked that there was no signals with periods shorter than 60 s.
A few runs have been rejected where the noise level was too high, which was usually due to clouds or instrumental problems. In case of overlapping data, we tried to use the additional data to improve the signal/noise ratio. If a signal S 1 , whose noise is b 1 , overlaps with a signal S 2 , whose noise is b 2 , the weighted sum S of these signals is given by:
The resulting noise b is theoretically lower than the individual data noise by:
This shows that by adding two signals of similar noise, the resulting noise may be improved by √ 2. Similarly, doing the weighted sum of signals whose noise differs by a factor of 3 improves the resulting noise by only 5%. This is only true in the ideal case where both signals are sampled at the same rate. Practically, we performed such a weighted sum only for data whose noise differs by no more than a factor of 3. Otherwise, we kept only the best signal/noise ratio data. The resulting normalized light curve is shown in Fig. 1. 
The amplitude spectrum
The amplitude spectrum of the time series is obtained by performing a Fourier Transform. As the amplitude spectrum of HL Tau 76 is somewhat complex, it is shown on a large scale in three parts in Figs. 2−4 for the frequency intervals 0−2000 µHz, 2000−4000 µHz and 4000−6000 µHz respectively. The amplitude spectrum above 6000 µHz is not shown as it is mainly noise and shows only very low amplitude insignificant signal. Each figure is formed of 5 panels, each covering a 400 µHz frequency interval. The corresponding window function is shown in Fig. 5 in full size and on a larger scale for a better visibility of the remaining aliases. The peaks in the amplitude spectrum are extracted by successive non-linear least squares fits followed by prewhitening The significance of the peaks is determined in the following way. For each peak, we estimate the average noise σ on a frequency interval of 100 µHz centered on the peak frequency. The False Alarm Probability (FAP) (Scargle 1982) for that peak to be due to noise on such a frequency interval is estimated. As a first step, all peaks with a FAP ≤ 10 −3 are considered as significant, which is equivalent to considering as significant all peaks with amplitude larger than 3.4×σ. Each of these frequencies was then subtracted from the light curve in successive steps of pre-whitening, the whole FT being recomputed at each step.
An illustration of the frequency iterative extraction process is shown in Fig. 6 for the first 6 frequencies. We can see in the panel hl07 that after the extraction of the 6 largest amplitude peaks, a large number of significant peaks are still present. The last panel shows the residuals after pre-whitening by the first 52 frequencies. The remaining peaks are all linear combinations of the previously extracted frequencies. This procedure extracts a total number of 85 significant peaks which are listed in Table 3 . However, as a second step, one increases the detection limit to 4.1 × σ. This is equivalent to estimate as significant all peaks with a FAP ≤ 10 −3 on the total frequency range of the FT up to the Nyquist frequency. This more severe selection criterion eliminates 7 of the peaks previously selected whose significance is consequently dubious. Those peaks are noted by a colon (:) in Table 3 . Five of them will be identified as linear combinations below. Their elimination does not affect the following discussion. This is not the case for the remaining two (peaks 13 and 26 in Table 3 ) which were considered as independent frequencies after the first step. To be conservative, we will not use them in the proposed asteroseismological interpretation. We are then left with 78 significant peaks. Table 3 gives the list of the frequencies in Col. 2. The third column gives δ f , the formal error on the frequencies derived from the least-squares analysis. The fourth and fifth columns give the corresponding periods and their uncertainties. The sixth column gives the amplitude in units of millimodulation amplitude (mma). The phases derived from the least-squares fits are given in the seventh column (between 0 and 1 for the interval 0 to 2π). The formal errors estimated in this way are lower limits to the true uncertainties. Another way of estimating the uncertainty on the frequency determination consists in using the frequencies of the linear combination peaks. As discussed below, a number of peaks in the Fourier spectrum are linear combinations of higher amplitude peaks. The differences ∆ f between the observed frequency of these combination peaks and the frequency resulting from the sum or the difference of their "parent" peaks frequency is a measure of the "true" uncertainty on the frequency determination. The linear combinations are identified in the eighth column and ∆ f is given in the last column of Table 3 . The average δ f is 0.028 µHz and the average ∆ f is 0.038 µHz.
The amplitude spectrum is characterized by a small number of large amplitude peaks, with amplitudes exceeding 10 mma, plus a large number of smaller amplitude peaks. It is immediately clear that many of these small amplitude peaks are linear combinations and/or harmonics of the large amplitude ones. These frequency combinations reflect the nonlinear response of the flux perturbations at the level of the photosphere to the sinusoidal perturbations at the bottom of the convection zone. This is a consequence of the variations of the depth of the convection zone and of the correlated convective flux during the pulsations. These nonlinearities induce the non-sinusoidal nature of the pulse shapes, which in turn materialize in the Fourier spectrum by the occurence of combination frequencies and harmonics. This is a frequent property of the cool DAV Fourier amplitude spectra. As always in such cases, one finds frequency combinations such that:
with no a priori knowledge of which are the "parent" frequencies and which is the "combination".
To select which are the most probable linear combinations, we used the following arguments: i) the comparison with other epochs of data to check that modes may show up without their linear combinations while the contrary is excluded; ii) the combination of two multiplets results in a much different fine structure than each parent multiplet; iii) the amplitude of the combinations is generally smaller than the amplitude of their parent modes; iv) combinations of combinations are less likely than "first order" combinations; and v) if one knows the period spacings one can check whether a mode is at the expected frequency, which is an indication that it may rather be a real mode. We made use of these criteria to select the linear combinations in the list of frequencies given in Table 3 .
We started our search for linear combinations by looking for peaks whose frequency corresponds to the sums or the differences of frequencies of other peaks within ≈two formal errors of the frequency determination as obtained from the least-squares fit. By applying these rules, we find more than one set of two "parent" frequencies for almost every linear combination. To select the most probable "parent" combination, we used one or more of the following additional criteria: i) the sum (difference) of the "parent" frequencies is the closest to the frequency of the resulting combination; or ii) the selected "parent" peaks have a larger amplitude than the other "parent" candidates; or iii) a quadratic linear combination of two frequencies is more probable than a higher degree combination involving more than two parent frequencies (cubic and higher). The first harmonics of the four largest amplitude peaks are also found but, with one exception, they overlap with another linear combination so that the resulting frequency does not match exactly the expected harmonics frequency. That is case for the peak 62 which is at 1.75 µHz of the first harmonics of the peak 44 and is also the combination of peak 39 and 48. The exception is the peak 67 which is exactly the first harmonics of the peak 48. The peak 79 is at 1.95 µHz of the first harmonics of the peak 53 but is also the (less probable) cubic linear combination of the peaks 11, 39 and 53. Finally, the peak 59 is at 2.7 µHz of the first harmonics of the peak 39, but is also the quadratic linear combination of the peaks 29 and 44. It must be noted that some linear combinations resulting from large amplitude peaks do have themselves an amplitude large enough to produce higher order linear combinations with their former "parent" peaks or with other large amplitude peaks. It is one of the reasons why the power spectrum has such a complex structure. One example of such a hierarchical series of linear combinations is the combination of the two largest amplitude modes at 1848.58 µHz (44) and at 2023.36 µHz (48) which produces a quadratic linear combination at 3871.96 µHz (65) of 8.0 mma amplitude. This resulting frequency combines with the fourth largest amplitude peak (39) to produce the cubic linear combination at 5547.46 µHz (peak 79). Another interesting case is the peak 83 resulting from a combination of the first harmonics of the largest amplitude peak (44) with the second largest amplitude peak (48). Table 3 lists the selected most probable linear combination in Col. 7. As a summary, among the listed 85 significant peaks (below 6000 µHz) we find 31 quadratic combinations, of which 4 are also first harmonics of the largest amplitude peaks, and 19 cubic combinations.
Since the non-linear least squares fit used to derive the frequencies and amplitudes from the light curve also gives the phases, one could anticipate using the analytical relation between the phases of the parent modes and the phase of their linear combination (Wu 2001) to check whether the combinations have been correctly identified. The theory developed by Wu (2001) , after Brickhill, relies on the assumption that the convective turn-over time-scale is much shorter than the pulsation periods. It describes how the flux perturbations at the photosphere is related to the flux perturbations at the bottom of the convection zone. In the case of a linear combination of two modes, the phase delay between the two parent modes and their linear combination implies a thermal time constant τ c0 which is related to the thermal relaxation time scale of the convection zone and to the characteristic time scales of the response of the photosphere and of the superadiabatic region towards gravity-mode pulsations. With the adopted ML2/α = 0.6 version of the mixing-length theory, after Bergeron et al. (1995) , the thermal relaxation time scale of the convection zone in HL Tau 76 is of the same order, ≈300 s, than the pulsation periods. The response of the photosphere to the flux perturbations at the bottom of the convection zone is not straightforward in this case. The potentially useful informations given by the phases of the linear combinations compared to the phases of their parent modes is not easy to interpret in the case of HL Tau 76. It is why, while those phases are given in Table 3 , they are not used in the present paper to check the validity of our linear combination identification.
Analysis of the amplitude spectrum
Having eliminated the doubtful peaks and the linear combinations, one is left with 33 frequencies which have to be considered as independent frequencies present in the star. This makes HL Tau 76 the next richest pulsator after PG 1159−035 (Winget et al. 1991) , GD 358 (Winget et al. 1994; Kepler et al. 2003) and RX J2117+3412 (Vauclair et al. 2002) . These frequencies appear in 10 separated groups between 718.99 µHz and 2614.55 µHz. All the higher frequency peaks in XCOV18 are identified as linear combinations (quadratic and higher) of lower frequency peaks. In their analysis of the XCOV13 data Dolez & Kleinman (1997) also conclude that all the peaks with frequency above 2614 µHz are linear combination peaks. 
Time variations
The observations of the HL Tau 76 pulsations span a total interval of 35 years between their discovery and the present WET campaign. They provide some information on the star's amplitude and/or frequency variations. Such information is of interest to understand the physics underlying the excitation mechanism. It is also important to check whether there are pulsations modes stable enough in amplitude and frequency to be suitable forṖ measurements. SuchṖ measurements can be used to estimate the cooling time and constrain the core composition (see Kepler et al. 2000a ). The available observations consist in part of: the original discovery of the HL Tau 76 variability by Landolt (1968) , the observations themselves having been carried out in 1964; the confirmation data and additional data by Warner & Nather (1970 , 1972 , the later ones reanalysed by Page (1972) ; the data published by Fitch (1973) . It seems that the star was forgotten for some time until new observations, making use of 3-channel photometers, were undertaken through single-site or multi-site campaigns. These new observations, including a WET campaign (XCOV13) during which HL Tau was a second priority target, have been analysed by Dolez & Kleinman (1997) .
Landolt's discovery light curve was dominated by a 746 s period (1340 µHz frequency) of 0.14 mag amplitude. Later on, Page (1972) identified three frequencies in the Warner & Nather (1972) light curve, at 1341 µHz (746 s), 1504 µHz (665 s) and 1592 µHz (628 s). In his data, Fitch (1973) found two frequencies at 1340 µHz (746 s) and 2023 µHz (494 s). During these early days, HL Tau 76 was pulsating with a preferred frequency around 1340 µHz. This frequency, as well as the 1592 µHz, have not been observed since, or at least had amplitudes below detection limits. From the frequencies observed in those early data, only those at 1504 µHz and 2023 µHz are still detected in the data analysed by Dolez & Kleinman (1997) and in the present WET data.
Because the amplitude spectrum of HL Tau 76 is so rich, one must be careful when comparing spectra of different frequency resolutions to infer amplitude and/or frequency variations. As can be seen from Table 3 , some frequency regions contain a number of closely-spaced frequency peaks which could not be resolved in short data sets. For instance, the timeresolved spectroscopy observations presented by Kotak et al. (2002b) are too short to resolve most of the complex structures seen in the amplitude spectrum. While this method is supposed to be insensitive to the azimuthal degree, yet it is necessary to resolve the modes of different degrees which may overlap in frequency. This case occurs in HL Tau 76 as discussed in the next section. The only comparison one can attempt here is with the data of the 1996 WET campaign (XCOV13). The frequency resolution of the amplitude spectrum achieved by XCOV13 is about 2.6 µHz. The formal error on the frequencies of the largest amplitude peaks, derived from the least-squares fit, is of the order of 0.01 µHz. By comparison, the frequency resolution achieved by the present XCOV18 data set is 0.65 µHz, 4 times better. Considering the frequency differences of the peaks listed in Table 3 , one concludes that most of them, if present during XCOV13, should have been resolved. So, it is meaningful to compare both WET campaigns. This comparison gives us some information on the variability of the power spectrum's fine structure on a 3.7 year time scale. The amplitudes and frequencies of the modes in common between XCOV13 and XCOV18 are given in Table 4 . Some cases require specific comments.
The 741.9 µHz peak seen in XCOV13 and not detected in XCOV18 and the 736.7 µHz marginally detected in XCOV18 are probably two components of a same multiplet (see discussion in 5.2.4 below). Dolez & Kleinman (1997) considered the peak at 939.4 µHz as a linear combination between their 2614 µHz and 1675 µHz peaks. We also suggest that this peak may be a linear combination of the same peaks but on a different basis; namely, in XCOV18, both the 1675.61 µHz and the 2614.55 µHz peaks are present and have amplitudes larger than the 938.99 µHz peak (14.6 mma, 16.47 mma and 11.30 mma respectively). On this argument we suggest that 938.99 µHz peak may be a linear combination of the two other peaks. In contrast, during XCOV13, the 939.4 µHz peak amplitude was intermediate between the amplitudes of the two other peaks. Applying the selection rule used in the present paper to the XCOV13 data, we would have concluded that it is the 1675 µHz peak which is a linear combination of the two others. This illustrates the ambiguous identification of the "true" stellar independent pulsation frequencies versus their linear combinations. In this particular case, one sees that the amplitude of the 1675 µHz peak did not change from XCOV13 to XCOV18 (14.4 mma and 14.60 mma respectively) while the 2614 µHz peak decreased its amplitude from 20.1 mma during XCOV13 to 16.47 mma during XCOV18. The 939 µHz peak decreased in amplitude also from 18.3 mma during XCOV13 to 11.30 during XCOV18. If the 1675 µHz was the resultant linear combination, one would not expect its amplitude to remain constant while its two presumable "parent" peaks decreased in amplitude. To solve the puzzling nature of this 939 µHz frequency, we looked back into the unpublished earlier single-site data taken in November and December 1989 and in October 1990. We find that the three frequencies are always detected except the 939 µHz peak in December 1989. This suggests that the two other frequencies must be independent modes. In the other runs, both the 939 µHz and the 2614 µHz peaks had the highest amplitude in turn. These data suggest that the three frequencies may correspond to three independent modes. In that case, they would not be simply linked through a linear combination but could form a true resonance. We will check below whether there are modes expected by the asymptotic theory at those frequencies.
The peak at 1072 µHz experienced a spectacular decrease of its amplitude. In XCOV18, this peak is resolved into a doublet, but both components have much lower amplitude: 3.22 and 3.62 mma respectively, than the peak seen during XCOV13. One of the peaks, at least, must have changed significantly in amplitude between the two runs. The 1255.5 µHz peak seen in XCOV13 with a 8.9 mma amplitude, is seen in XCOV18 at 1255.69 µHz, within a complex structure of lowamplitude peaks. The fact that this complex structure was not seen in the XCOV13 data may result from a combination of a lower S/N ratio and lower frequency resolution.
The 1521 µHz peak seen in XCOV13 and the 1516.26 µHz peak seen during XCOV18 are suggested to belong to the same multiplet (see Sect. 5.2.5).
We note that the peaks at 741.86 µHz and 1280.30 µHz, seen only in XCOV13, and 2023.4 µHz, seen in all the data, are close to form a linear combination (741.86 µHz + 1280.30 µHz = 2022.16 µHz). It is intriguing, and may be meaningful, that this combination was "active" during XCOV13 and "inactive" during XCOV18. While the 2023.4 µHz frequency must be an independent "parent" mode, it is not possible to know from the WET data alone which of the two other frequencies is the other "parent" mode and which results from their linear combination, since they had the same amplitude during XCOV13 and none was seen during XCOV18. To solve this, we looked back again in the 1989 and 1990 single-site data. We see that the 2023 µHz peak is always present in the data. A peak at 738.72 µHz with an amplitude of 7.2 mma is seen in the October 1990 data. It cannot be the same peak as the one seen at 741.86 µHz during XCOV13 but could be a component of a same multiplet. This peak is not detected in the other runs, unless it could be associated to the peak at 736.67 µHz suspected in the XCOV18 data (see Table 3 ) and considered as an insignificant linear combination. The 1280 µHz peak is never seen. We conclude that the other parent mode should be the 741.86 µHz one and that the 1280.30 µHz peak may be the linear combination seen only during XCOV13, unless it could be another example of a true resonance. As far as the peaks at 741.86 µHz, 738.72 µHz and 736.67 µHz are concerned, they could be components of a same multiplet. We come back to theses points later.
We also looked for amplitude variations on shorter time scales by dividing the XCOV18 time series in two halves and comparing the amplitudes of the two corresponding FTs. Restricting ourselves to the independent modes of larger amplitudes, we find some variations for all except one mode: the 1675.61 µHz peak kept a constant amplitude. One finds large variations for the peaks at 1505.54 µHz and 1516.26 µHz which increased by 25% and 45% respectively. It is noteworthy to mention that the peak at 938.99 µHz, considered as forming a resonance with the 2614 µHz mode and the 1675 µHz mode, shows the largest amplitude change during the two halves of the run (50%) while its "companion" modes changed their amplitudes by only 12% for the 2614 µHz peak and by 0% for the 1675 µHz peak.
It is finally worthwhile to emphasize once more that the peak at 1675.61 µHz had the same amplitude in XCOV18 and XCOV13, and that its amplitude did not change on the approximately one week time scale separating the two halves of XCOV18. One may wonder whether this mode could be a potentially interesting candidate for a measurement ofṖ in HL Tau 76. However, as this frequency might be involved in a resonance with two other modes or a result of their linear combination, anyṖ measurement would not be unambiguously interpretable. The value ofṖ in those cases could rather be dominated by other mechanisms than the cooling of the degenerate core. Furthermore, we checked that on the longer time scale involved when one takes into account earlier data, the amplitude of this mode is no longer constant. For instance, while it was at 14.8 mma in October 1989, it increased to 21.8 mma in December 1989 and was back to 15.6 mma in October 1990, to decrease during the two WET campaigns to the same value as observed in October 1989. Furthermore, in the time-resolved spectroscopy performed in October 1997, Kotak et al. (2002b) find that the peak at 1675 µHz was insignificant in the velocity power spectrum. So, our conclusion is that we do not find any mode with a stable enough amplitude whoseṖ measurement could unambiguously measure the evolutionary time scale.
Fine structure, multiplets
In this section we look for closely spaced (in frequency) modes with the hope that triplets (or quintuplets) of equal splittings will reveal the values for a number of modes. However, given our confident estimate of the mass and temperature of HL Tau 76, another diagnostic -the period spacingscan provide a reliable estimate of as we discuss in the next section.
Recognizing rotationally split modes not only helps in identifying the degree but also leads to an estimate of the rotation period of the star. In the case of HL Tau 76, this exercise is made difficult by the complexity of the power spectrum which does not show clear structures. We nevertheless attempted a mode identification by adopting the following procedure.
We started by looking at closely spaced frequencies in the low frequency part of the amplitude spectrum, in the asymptotic regime where the rotationally split modes should show a uniform frequency separation. However, the only clearly isolated triplet present in the FT which could safely be identified as an = 1 rotationally split mode is in the "high" frequency part of the FT. It is formed by the peaks 41−43−44 around 1848 µHz. For this triplet, the average rotational splitting is 2.55 µHz. Now, we can go back to the low frequency part of the FT and check that any fine structure identified in this part is compatible with similar signatures found at higher frequency, keeping in mind that the modes in the higher frequency part of the FT may not be in the asymptotic regime. In performing this exercise, we start by examining the region between 933.87 µHz and 943.20 µHz. It contains 5 significant frequencies but the interpretation depends on whether one considers the 938.99 µHz as a real mode in resonance with the 1675.61 µHz and the 2614.55 µHz ones or as a linear combination. In the previous section, we gave arguments in favor of the first hypothesis. In the following discussion, we will consequently consider these three frequencies as corresponding to real modes. One finds then in this group three doublets of comparable frequency separation formed by the peaks 10−11 (933.87 µHz and 936.73 µHz), 11−12 (936.73 µHz and 938.99 µHz) and 12−14 (938.99 µHz and 941.80 µHz) separated by 2.86 µHz, 2.26 µHz and 2.81 µHz, respectively, with the peak 15 (943.20 µHz) 1.4 µHz from peak 14. A possible interpretation is that a = 1 triplet formed by the peaks 11, 12 and 14 overlaps with three components formed by the peaks 10, 12 and 15 of a = 2 quintuplet. It is known that in the slow, solid body rotation limit, the pulsation frequencies of a mode of degree and order k for a rotating star, σ l,k,m , are related to the frequencies in the non rotating case σ l,k by:
where C l,k takes a simple form in the asymptotic regime: C l,k ≈ 1/ ( + 1). We expect the rotational spitting for = 1 and for = 2 modes to be in the ratio:
This has been observationally verified in the PG 1159 pulsator PG 1159-035 (Winget et al. 1991) . The average frequency shift in the triplet 11−12−14 is 2.53 µHz. As it is almost similar to the value derived for the triplet 41−43−44, we consider that it is due to rotational splitting. The frequency separation within the quintuplet is 5.1 µHz on one side and 4.2 µHz on the other side. The average value, 4.65 µHz, compares satisfactorily with the value (4.22 µHz) expected in the asymptotic regime for the rotational splitting of = 2 modes if the average rotational splitting for the = 1 modes is ≈2.53 µHz in this frequency range. But the ratio δ f =1 /δ f =2 = 0.544 instead of the expected 0.6. The peak 12 in this case results from the superposition of the m = 0 component of the triplet and of one component of the quintuplet, which could be either m = +1, 0 or −1.
In each other to be consecutive order = 1 modes, we suggest that the group of frequencies 16 to 19 could be formed by a = 1 triplet overlapping with components of a = 2 mode. The combination 16−19 could then result from the overlap of an asymmetric triplet formed by the peaks 16−17−18, with a frequency separation of 2.93 µHz on one side and of 2.04 µHz on the other side, with two components of a quintuplet formed by the peaks 17 and 19, separated by 5.04 µHz. An alternative combination would be a triplet formed with peaks 17−18−19, also asymmetric with frequency separation of 2.04 µHz on one side and 3.0 µHz on the other side, with two components of a quintuplet formed by peaks 16 and 18, with a frequency separation of 4.97 µHz. In both cases one component of the triplet coincides exactly with one component of the quintuplet. The m = 0 component of the triplet could be either peak 17 or peak 18. However, in forming the ratio δ f =1 /δ f =2 in the two options, one finds 0.493 in the first case and 0.507 in the second case, instead of the value 0.6 expected in the asymptotic regime. This weakly favors the second case as a better interpretation. Another argument based on the asymmetry of the triplets, which we will discuss in Sect. 5.4 below, could also favor this second case. However we will conservatively consider the two alternatives as possible solutions in the following discussion. We derive an average rotational splitting of 2.525 µHz for this triplet.
In the high frequency part of the FT, one finds the triplet mentioned earlier composed by the peaks 41−43−44 (1843.48 µHz, 1845.74 µHz and 1848.58 µHz). One also finds a doublet formed by the peaks 37−39 (1670.45 µHz and 1675.61 µHz). The triplet is slightly asymmetric and the total frequency difference between its two extreme components is 5.10 µHz. As the frequency separation between the doublet is 5.16 µHz, we interpret this doublet as the two extreme components of a triplet whose the central component is not detected. The peak 38 seen in between the components of the doublet, 0.98 µHz away from peak 39, cannot be the central component of the triplet. It is a small amplitude peak (4.5 mma) compared to peak 39 (14.6 mma) which is the fifth largest amplitude peak of the FT. The determination of its frequency may have been affected by this large amplitude neighbour. As a consequence, the m = 0 component of this triplet may not coincide with peak 38 but should be at ≈1673.0 µHz (597.7 s). From this triplet and this doublet, we derive an average rotational splitting of 2.56 µHz. Finally, one finds a doublet formed by the peaks 48−49 (2023.36 µHz and 2027.53 µHz), with a frequency separation of 4.17 µHz, a value which is difficult to reconcile with the one derived from the doublets and triplets discussed above but in good agreement with the expected rotational splitting for the = 2 modes. We will argue later about the = 2 identification for this doublet. The rotational splitting derived for the = 1 modes from the low and high frequency parts of the FT are in satisfactory agreement. The weak difference between the values derived from the low frequency multiplets (2.525 µHz) and the higher frequency triplets (2.56 µHz) is insignificant given the frequency resolution of our data set. In the following discussion we will use the average value, 2.54 µHz, for the rotational splitting of = 1 modes.
Asteroseismology of HL Tau 76
Period spacing
Having tentatively identified doublets and triplets as possible = 1 modes, one looks for a uniform period spacing in their period distribution. For the same reason that the lower frequency multiplets must be closer to the asymptotic regime than the higher frequency ones, we look for periods difference between the low frequency multiplets first. On the assumption that the doublets are two successive components of triplets, we do not know which of the components is the m = 0 mode. Considering first the period differences between the triplet 11−12−14 and the central mode of the next triplet, 17 or 18, we can form two different values for that difference, according to which mode, 17 or 18, is considered as the m = 0 in the second triplet: 88.59 s (corresponding to period of mode 12 − period of mode 17 (P 12 − P 17 ), and 90.53 s (P 12 − P 18 ). The average period difference between these two multiplets is 89.56 s.
Doing the same between the components 17 and 18 of the triplet and the doublet 20−21, one finds four values: 43.2 s (P 17 − P 20 ), 45.8 s (P 17 − P 21 ), 41.2 s (P 18 − P 20 ) and 43.8 s (P 18 −P 21 ), with an average period difference of 43.5 s. We note that the 89.56 s average difference between the first multiplets is 2 × 44.78 s, a value very close to twice the average period difference between the triplet and the doublet 20−21. We conclude that the period spacing for the = 1 long period modes should be ≈44.1 s and that there should be a missing multiplet between the triplet 11−12−14 and the triplet 16−17−18 or 17−18−19, centered at a period of ≈1020 s.
For the doublet and the triplet at higher frequencies, the period difference between the middle of the peaks 37−39 and the period of the mode 43 is 55.92 s, a value in satisfactory agreement with the value derived at lower frequency, considering that those multiplets may correspond to modes which are not in the asymptotic regime and/or that their period spacing may be affected by mode trapping.
Mode identification
Search for = 1 modes
Adopting an average period spacing deduced from both the low and high frequency multiplets, ∆P = 48.0 ± 3.9 s, one can roughly estimate the predicted periods of the = 1 successive orders, under the assumption of the asymptotic regime.
In the following, we take the period of the mode 43 (the presumably m = 0 component of this = 1 triplet) as the reference for the period estimate. The estimated values are shown in Table 5 -1. They are listed in the first column. The next three columns give the periods observed during XCOV18, XCOV13 and earlier single-site observations. The last column indicates the relative order difference, ∆k, with the order of the reference mode which is defined as ∆k = 0. We should keep in mind that the average period spacing is estimated with a large uncertainty and may formally take any value between 44.2 s and 52.0 s. The cumulative uncertainty on the predicted period becomes comparable to the period spacing for ∆k = 48.0 s/3.9 s ≈ 12. It means that we cannot predict periods for ∆k larger than 12. We add a question mark in Table 5 -1 for ∆k ≥ 12. However, since with an average period spacing of 48.0 s one mode is predicted at 1309.8 s which nicely fit the period of 1308.7 s observed in archival data (see Sect. 5.2.4) it suggests that the period distribution should not depart much from the one predicted in using this value of the average period spacing up to at least ∆k = 16. In cumulating these data, one finds 14 modes, or groups of modes, whose periods may be compared to the expected periods of the = 1 modes. We find a satisfactory agreement, better or equal to 1%, between the observed and predicted periods for 11 modes. It does not mean that those 11 modes are all = 1 modes since we have to check whether they could also be explained as well by = 2 modes, which is discussed in the next section.
It is also possible that the modes whose periods do not fit exactly the distribution predicted by the asymptotic regime for = 1 are indeed = 1 modes since the period distribution may not follow exactly the distribution expected in the asymptotic regime. That may be the case for the low order modes. In addition, the periods may be altered by mode trapping, whatever is the hydrogen mass fraction responsible for the trapping. We check a posteriori that the = 1 mode predicted at 1069.8 s is quite close to the observed 1064.97 s one (939 µHz) which we suspected to be a mode in resonance with the 1675 µHz and the 2614 µHz modes rather than a linear combination. This reinforces our identification of this frequency as a real mode and increases the number of independent modes to 34. It must be noticed that among the 22 expected = 1 modes in the period range ≈380−1400 s, we detected only 11 potential = 1 modes in the cumulative data.
Search for = 2 modes
The next step consists in using what has been derived about the period spacing and the rotational splitting for the = 1 modes to predict the period distribution of the possible = 2 modes. The rotational splitting of = 1 and = 2 modes are in the ratio 0.6 in the asymptotic regime. The period spacing for a series of modes of degree , given by (Tassoul 1980 )
where Π 0 is related to the structure of the star, implies that the ratio of the period spacings
Since the average period spacing is 48.0 ± 3.9 s and the average rotational splitting is 2.54 µHz for the = 1 modes, the corresponding values for the = 2 modes should be 27.7 ± 2.2 s and 4.23 µHz. We also need to identify at least one = 2 mode to be used as a reference value for the period distribution. The average period spacing for the = 1 modes derived in the previous section, ∆P = 48.0 s, is quite consistent with the average spacing of 44.98 s in one of the models with a thick hydrogen layer by Brassard et al. (1992) whose parameters are close enough to HL Tau 76 (see for instance their model 60204). Very similar values are found by Corsico et al. (2002) . Furthermore, in considering the periods of the modes in many of the models computed by Brassard et al. (1992) as well as in those computed by Bradley (1993) and Corsico et al., one finds many examples of = 1 and = 2 modes which overlap in frequency. For instance, in the Brassard et al. (1992) model 60204, there are 6 such coincidences of modes = 1 and = 2 differing in frequency by less than 11 µHz, within the frequency range 1100−4300 µHz. In examining the frequency list in Table 3 one finds regions with series of close frequency peaks which cannot be explained as = 1 triplets nor by = 2 quintuplets alone. We suggest that they should result from such multiplets overlapping. If we exclude the presence of = 3 modes on visibility arguments, one is left with this only explanation to interpret the 5 peaks seen between 933 and 943 µHz, the 5 close frequencies detected between 1251 and 1261 µHz, as well as the series of frequencies detected between 1505 and 1516 µHz.
As there is no complete quintuplet identified, we do not have a solid reference = 2, m = 0 mode to start with to predict the = 2 modes period distribution. Any suspected = 2 mode in our data is a component of an incomplete multiplet of unknown m value. In the search for fine structures in the frequency spectrum, it was implicitely assumed that the rotational splitting does not change within the range of the periods observed in HL Tau 76. That is consistent with the hypothesis that the rotation law in HL Tau 76 must be close to uniform rotation. In this case, since the frequency shift induced by the rotational splitting is fixed for a given , the uncertainty on the period scale is smaller if we can identify a high frequency peak as a = 2 mode. Fortunately, we have such a possible = 2 candidate with the high amplitude doublet at 2023.36 and 2027.53 µHz. This identification is based on the frequency separation of these two peaks, 4.17 µHz, which is in good agreement with the expected rotational splitting for = 2 modes. Considering this doublet as two components of an = 2 mode and the adopted rotational splitting, there are 4 possible values for the period of the m = 0 component of the quintuplet: 495.3 s, 494.2 s, 493.1 s and 492.1. So the central mode period of this incomplete multiplet is known within a 3.2 s interval. The center of this interval is at 493.7 s while the high amplitude component (peak 48 in Table 3 ) is at 494.2 s. We consider the mode 48 as a good enough reference point for the period distribution of the = 2 modes. In addition, it is the second highest amplitude mode, so its period is quite precisely determined. Table 5 -2 shows the corresponding period distribution for = 2 modes, assuming the asymptotic regime, a period spacing of 27.7 s and the period of mode 48 as the reference value. The first column shows the predicted periods. The following three columns list the periods present in XCOV18, XCOV13 and earlier single-site observations, respectively. The last column indicates again the relative order difference with the reference mode, which is ∆k = 0. Regions of the spectrum where none of the observed periods fits close enough with any predicted values are not listed. Since the average period spacing is known with a statistical error of 2.2 s for the = 2 modes, we cannot formally predict the periods and the relative ∆k for ∆k ≥ 27.7 s/2.2 s = 12−13, since the uncertainty on the period becomes comparable to the period spacing. For this reason all predicted periods larger than 800 s (∆k ≥ 12) are followed with a question mark. However, since we argued in the previous section that the true period distribution for the = 1 modes should not depart much from the one predicted with the average period spacing of 48.0 s, this should be true also for the period distribution of the = 2 modes, if the reference period is a true = 2 mode. We also point out that the predicted = 2 mode with period 1380.6 s is close to the observed one at 1390.8 s, which should be ∆k = 32. It suggests that the period distribution for the = 2 modes does not depart much from the one predicted with the average period spacing of 27.7 s even up to ∆k = 32.
Again comparing the observed periods with the predicted periods, one sees that among the 15 groups of observed periods, 12 fit satisfactorily with = 2 modes, with less than 1% difference in period.
From Tables 5-1 and 5-2, one finds that at least 9 modes or groups of modes have periods within 1% of the period of either an = 1 or an = 2 mode. They very probably result from the overlap between = 1 and = 2 modes.
Comparing the periods detected during the two WET campaigns, one finds three modes which were seen during XCOV13 and are not present during XCOV18. Since the arguments used to estimate the periods of the modes are based on the period spacing deduced from the XCOV18 data alone, it is worth checking whether and how precisely these additional modes fit the proposed identification. They are the periods 1347.9 s (741.86 µHz), 781.0 s (1280 µHz) and 449.8 s (2223 µHz).
The first one at 1347.9 s (741.86 µHz) fits satisfactory, within 5 s, the period of the predicted = 2 mode at 1352.9 s (∆k = +31 in Table 5 -2). But it is also at 10 s of the predicted mode = 1 at 1357.8 s (∆k = +17 in Table 5 -1).
We already argued that the second one at 781.0 s (1280 µHz) probably results from the linear combination of the 741.86 µHz mode with the 2023 µHz one. We consequently would not consider it as an independent mode unless there is one predicted mode at this period. That is precisely the case since there is a predicted mode at 781.8 s in the = 1 series (Table 5-1). It suggests that this period could correspond to a real mode and points to the possibility that it is another example of a true resonance between the three modes. The third one has a period of 449.8 s (2223 µHz). The closest predicted period is a = 1 mode (Table 5 -1) at 445.8 s. So, the three additional modes present in XCOV13 and not seen in XCOV18 fit satisfactorily with the periods predicted by the period spacing deduced from XCOV18 data.
Back to the XCOV18 amplitude spectrum
We used the asymptotic period distribution to predict the periods of the expected = 1 and = 2 modes. It is worth reexamining the best amplitude spectrum obtained for HL Tau 76, from the XCOV18 WET campaign, to check whether we could identify some additional modes not selected by our significance criterion, but whose periods are close enough to the predicted ones to suggest that they could be real modes. In that case, they would not have been selected because their amplitudes were below, or close to the adopted detection limit during XCOV18. We also check whether those modes were detected in previous observations.
Visual inspection of the XCOV18 amplitude spectrum (Figs. 2 and 3) reveals 2 such peaks. The first one at 1353.7 µHz (738.7 s) has a low amplitude of ≈2.6 mma. This peak is quite close to the one found in the early observations of Warner & Nather (1970 , 1972 as reanalysed by Page (1972) at 1336.0 µHz (748.5 s). We note that there is one = 2 mode predicted at 743.5 s (Table 5 -2). Taken at face value as the m = 0 component of a = 2 quintuplet, and using the rotational splitting of 4.23 µHz for = 2 modes, that would predict the m = −2 component at 1336.5 µHz and the m = +2 component at 1353.4 µHz. We consider this excellent agreement with the observed frequencies as strong evidence that the suspected peak at 1353.7 µHz is real and corresponds to a component of an = 2 mode whose other component at 1336.0 µHz happened to be the largest amplitude mode in the early observations of HL Tau 76.
The other one is at 2536.06 µHz (394.3 s) and has an amplitude of 2.9 mma. It has not been observed before. The closest observed frequency is the 2614 µHz (382 s) one of large amplitude seen in all the observing seasons. This small amplitude peak is close to the predicted = 1 mode at 397.8 s (Table 5-1) and may possibly be identified with that mode.
In the following, we will keep both the 738.7 s and the 394.3 s periods as real modes according to the above mentioned argument. However, we will keep in mind that they are below the detection limit in XCOV18 by marking them with a colon (:) in the identification list proposed below (Table 6 ).
Back to archival data
The same checking operation can be performed with the earlier data. Looking back in the early observations of HL Tau 76, we already mentioned that among the dominant periods at 748.5 s, 665 s, 628 s and 494 s (Warner & Nather 1970 , 1972 Page 1972; Fitch 1973) only two were seen at a significant level in the XCOV13 and XCOV18 data, the ones at 665 s and at 494 s. It is interesting to check whether the two missing ones can be predicted by the asymptotic extrapolation at their correct values. We have shown in the previous section that the mode at 748.5 s, which had the largest amplitude in the original discovery data, may be associated with the 738.7 s which is present in the XCOV18 data below detection limit. They are both probable components of the = 2 mode predicted at 743.5 s (∆k = +9 in Table 5 -2). For the mode at 628 s, the closest = 1 mode would be at 637.8 s (∆k = +2 in Table 5 -1) while the closest = 2 mode would be at 632.7 s (∆k = +5 in Table 5 -2). This suggests that this mode is also better fit as an = 2 mode.
In the data obtained in 1989 and 1990, we also find a few significant peaks in their respective amplitude spectra which are not seen at significant levels in XCOV13 or in XCOV18. In the October 1990 data, we find a peak at 738.72 µHz (1353.7 s) with an amplitude of 7.2 mma. This frequency is quite close to the 736.67 µHz (1357.5 s) listed in Table 3 after the first step of the selection process and rejected as insignificant after the second step. It was anyway considered as a linear combination. However, considering that there is an = 1 mode predicted at 1357.8 s (736.5 µHz) and an = 2 mode predicted at 1352.9 s it is quite possible that it corresponds to a real mode rather than to a linear combination. A 764.1 µHz (1308.7 s) was seen in the December 1989 data with a small amplitude (3.6 mma). It could be a linear combination between the 2614.5 µHz and the 1847.7 µHz modes seen in the same data (they correspond to the 2614.55 µHz and 1848.58 µHz seen in XCOV18). There is also in this case an = 1 mode predicted at 1309.8 s. This frequency could consequently be a linear combination as well as a real mode. Finally, in the November 1989 data, we find a peak at 1450.8 µHz (689.3 s) with an amplitude of 8.2 mma. Examination of Tables 5-1 and 5-2 shows that there is an = 1 mode predicted at 685.8 s and an = 2 mode predicted at 688.1 s. It suggests that this frequency may be identified with the = 2 mode. These three periods present in archival single-site data are included in Tables 5-1 and 5-2. However, for the final identification we conservatively exclude the two ambiguous cases which could be either a real mode or a linear combination but keep the mode at 689.3 s.
Conclusions
To summarize: from XCOV18, we find 36 independent modes. This includes the mode at 939 µHz, considered as a mode in resonance with two other modes, and the two modes at 1353.7 µHz and 2536.06 µHz because the first one coincides with a period observed in the early data and the second one coincides with a mode predicted by the asymptotic period distribution. XCOV13 provides 11 modes of which 4 are not present in XCOV18. Among these four, we discussed the case of the two modes at 742 µHz and 1280 µHz which form a linear combination with a third independent mode at 2023 µHz. We showed that they probably form a resonance and are real modes. For this reason we add these four modes as independent modes from XCOV13. Finally, the archival data provide 5 modes, among which only 2 are present in XCOV18 and/or XCOV13, which adds another 3 independent modes. The total number of independent modes found in the cumulative data sets is 43.
In comparing the periods observed with the ones predicted by the period spacing and taking into account the rotational splitting, we make a preliminary identification of the modes. From Tables 5-1 and 5-2, which list the predicted periods for = 1 and = 2 modes, one sees a number of cases were the observed periods could be identified as either = 1 or as = 2 modes. For some of those cases, we offered a tentative identification above, which lifts the degeneracy between the = 1 and = 2 identification. On the basis of the period differences between the observed values and the expected values from the asymptotic relation and from the rotational splitting, we can choose one solution rather than another one. The preliminary identification of the modes observed in HL Tau 76 is listed in Table 6 . We discuss some remaining difficult or ambiguous cases below.
The five modes between 799.1 s and 792.7 s could correspond to the = 2 mode predicted at 798.9 s. However, their frequency separation does not fit the expected rotational splitting. They all show a small amplitude (≤5.2 mma) during XCOV18 so that their frequencies may not be very precisely determined. The closest predicted = 1 mode is at 781.8 s and is seen in the XCOV13 data (at 781 s). Could this group of periods results from the overlap of an = 1 and an = 2 multiplet? Considering the value of the rotational splitting associated to = 1 modes, ones does not expect a component of the = 1 triplet at a period longer than 784 s, which is the extreme case if the observed 781.0 s is the prograde (m = +1) component of the triplet. The multiplets should not overlap within the period range covered by this group. Considering the predicted mode at 798.9 s at face value as an = 2, m = 0 mode and applying the rotational splitting for = 2, one predicts the periods of the other components of the quintuplet at 804.3 s, 801.6 s, 796.2 s and 793.5 s for m = −2, −1, +1 and +2 respectively. We note that 793.5 s falls between the observed periods at 792.7 s and 794.1 s and that 798.9 s falls between the observed periods at 798.3 s and 799.1 s. It suggests that both double-peaks at 792.7−794.1 s and 798.3−799.1 s could in fact be single peaks incorrectly resolved by the extraction algorithm because of their low amplitudes and correspond to the two components m = +2 and 0 of the = 2 mode of which the m = +1 component corresponds to the 796.4 s period. The other two components of the quintuplet are missing. For these cases, we conservatively list all the periods in Table 6 but identify the two double-peaks as single modes.
The group of modes 29 to 36, from 1505.5 µHz to 1516 µHz, forms the next complex region in the FT as shown in Table 3 . As there are exactly 8 peaks in the FT of XCOV18 in this frequency range, it suggests that they could correspond to the superposition of a complete triplet and a complete quintuplet. However, we remark that Dolez & Kleinman (1997) found a peak at 1520.96 µHz during XCOV13 while a peak at 1516.26 µHz (36 in Table 3 ) was present during XCOV18. They cannot be the same peak because their frequency difference, 4.7 µHz, is 7 and 4 times the frequency resolution of the WET run where they were detected and both are large amplitude peaks (10.7 mma and 10.3 mma respectively), i.e. their frequencies are determined with a much better accuracy than the formal frequency resolution. Such a difference suggests that they could be two consecutive components of an = 2 quintuplet. In this case, we get 9 frequencies in this frequency interval that cannot be fit by the overlap of a triplet and a quintuplet. However, one may question the reality of mode 31 (at 1508.71 µHz) whose amplitude (3.49 mma) is small compared to its close neighbours with 11.90 mma amplitude for peak 30 at 1.88 µHz and with 10.84 mma amplitude for peak 32 at 1.12 µHz. It is not certain again that our extraction algorithm can disantangle such a small amplitude peak from such a complex and crowded frequency region. But, even if one rejects the peak 31 as insignificant, one is left with a difficult identification problem for the remaining 8 peaks. Four or five of them could be the components of an = 2 mode. .7 µHz respectively. In the last case one would have a complete quintuplet, rather asymmetrical, with the central component at 1511.96 µHz which fits almost perfectly the predicted = 2 mode at 660.4 s. We give a preliminary identification of = 2 for those five modes in Table 6 . However, there is no = 1 mode predicted in this period range able to overlap with the quintuplet. The closest = 1 modes are at 1458.1 µHz and 1567.9 µHz far from the frequency range covered by this group of modes, even if one takes into account the rotational splitting. The assumption of an overlap between = 1 and = 2 modes does not work for this group, at least in the limit of the assumptions made in this paper that the period distribution follows the asymptotic regime. This tentative identification leaves at least 3 modes unexplained which are not small amplitude peaks (12 mma, 7.6 mma and 7.3 mma). They are left with a question mark in Table 6 . It should be pointed out that large amplitude variations were observed during XCOV18 in this region (Sect. 4.1). The peaks at 1505.54 µHz (29) and at 1516.26 µHz (36) showed the largest amplitude variations. These variations may explain why we find one close companion to each of these large amplitude peaks (30 and 35). That may be the reason why this frequency domain cannot be satisfactorily interpreted. The two modes below the detection limit of XCOV18 added according to the discussion presented in 5.2.3 are marked with a colon (:). Kotak et al. (2002b) , in their analysis of time-resolved spectroscopy of HL Tau 76, suggest that most of the modes for which they detect a significant peak in the velocity power spectrum are = 1 modes (for the periods 657 s, 597 s, 541 s, 494 s and 382 s) while the last one at 781 s would be better identified as an = 2 mode. Their proposed identification relies on the value of the parameter R v , the relative velocity to flux amplitude ratio, after van Kerkwijk et al. (2000) . Their identifications are consistent with the values of R v that they find. Our identifications for the 6 modes we have in common agree for the two modes at 597 s and 541 s, which we also identify as = 1 modes, but disagree for the remaining modes. The modes at 657.4 s, 494.2 s and 382.5 s, which we rather identify as = 2 modes, should have been detected with a larger relative velocity to flux amplitude ratio than the values they report. We do not offer presently any explanation for this disagreement.
Finally, it is worth comparing the periods found in HL Tau 76 with those of G 29-38 (Kleinman et al. 1998 ). There are both some similarities and differences. The periods observed in G 29-38 covers also a large range from 110 s to 1240 s, comparable to the range observed in HL Tau 76, from 380 s to 1390 s, but shifted towards shorter periods. Since G 29-38 is both hotter and more massive than HL Tau 76 (11 820 K and 0.69 M , according to Bergeron et al. 2004) , such a global shift to shorter periods is expected. The main difference is that while all the periods seen in G 29-38 may be attributed to = 1 modes, HL Tau 76 exhibits a more complex mixture of = 1 and = 2 modes, with some overlapping between both as discussed above. Among the modes identified as = 1 in HL Tau 76, we find many similarities with the periods found in G 29-38: for instance the period at 933 s, 781 s, 597 s, 542 s and 394 s in HL Tau 76 are close to the periods at 915 s, 771 s, 610 s, 552 s and 400 s, respectively, in G 29-38. But all the other similar periods do not correspond to similar values in both stars.
Rotation rate
From the multiplets identified in HL Tau 76 we can derive the average rotation period of the star. In averaging the frequency separation of the doublets and the triplets, all considered as = 1 modes split by rotation, we have obtained an average rotational splitting δ f = 2.54 µHz. The average rotation period derived from the rotational splitting is 2.2 days. This rotational period for HL Tau 76 is in the range of rotation periods derived from asteroseismology for other pulsating white dwarfs. It confirms that low and intermediate mass stars lose most of their angular momentum during their evolution from the main sequence to the white dwarfs. There is no significant signature of a dependence of the rotational splitting on the period, which is compatible with a uniform rotation but does not prove it (Kawaler et al. 1999 ). However, since there are quite few rotationally split modes detected in the data analysed here, we cannot exclude a more complex rotation law.
Search for weak magnetic field
The fine structure of the Fourier amplitude spectrum reveals only three probable complete triplets and no quintuplets. The triplets are formed by the peaks 41−43−44, 16−17−18 or 17−18−19 and 11−12−14, in the order of increasing period. These triplets are interpreted as = 1 modes split by rotation. Rotation by itself would produce symmetric triplets in the limit of slow rotation. However none of the observed triplets is symmetrical. The asymmetry could result from second order rotation effects or from magnetic field. With an average rotation period of 2.2 days, we do not expect the second order effects of rotation to have any detectable consequence on rotational splitting. The influence of weak magnetic fields on the g-modes in white dwarfs has been analysed by Jones et al. (1989) . Their effect is to shift the frequencies to higher values proportionally to m 2 B 2 and the frequency shifts increase with the order of the mode, i.e. with the period. This produces an asymmetry in the triplets, ∆ f m = [( f m=+1 − f m=0 ) − ( f m=0 − f m=−1 )]/2, the retrograde component m = −1 being closer to the central component m = 0 than the prograde component m = +1. The two triplets 41−43−44 and 11−12−14 are very similar in their asymmetry with f m=0 − f m=−1 = 2.26 µHz in both cases and f m=+1 − f m=0 = 2.84 µHz and 2.81 µHz respectively. In the case of the third triplet, we discussed the two plausible solutions where the triplet could be formed by the peaks 16−17−18 or 17−18−19. If the triplet is formed by the peak 16−17−18, the observed asymmetry cannot be due to the effect of magnetic field since f m=0 − f m=−1 = 2.93 µHz and f m=+1 − f m=0 = 2.04 µHz, i.e. the m = ±1 would be shifted in the wrong direction. If the triplet is 17−18−19 we find f m=0 − f m=−1 = 2.04 µHz and f m=+1 − f m=0 = 3.0 µHz. If we assume that the asymmetry in the triplets is due to a weak magnetic field, this rules out the solution 16−17−18 for the third triplet. The asymmetry (∆ f m = 0.29 µHz) observed in the best identified triplet (41−43−44) centered at the period of 541 s could be explained with a weak dipole field of ≈1−2 × 10 3 G, from the results of Jones et al. (their Fig. 1 ). However, when we consider the other two triplets we do not find the expected variation of the frequency shift with increasing period: ∆ f m = 0.48 µHz at 974 s for the triplet 17−18−19 but ∆ f m = 0.28 µHz at 1065 s for the triplet 11−12−14. If there is a hint for the presence of a weak magnetic field in HL Tau 76, as inferred from the asymmetrical triplets, there is no conclusive evidence. Since there is no complete = 2 quintuplets, it is not possible to check the effect of the m 2 dependence on the frequency shift.
Mass of the H outer layers
The average period spacing for = 1 modes derived from the present study is ∆P = 48.0 s. This value translates to Π 0 = 67.9 s. A detailed comparison of the periods of observed = 1 and = 2 modes with the periods of modes calculated in a grid of models will be presented in a forthcoming paper. It should provide the model or series of models best fitting the observed periods. With a total of ≈40 observed modes, the model should be rather well constrained if the pulsations of HL Tau 76 are still well described by linear nonradial pulsation theory. As HL Tau 76 shows this large number of modes on an extended range of periods, from 382 s to 1390 s, there are very few modes of consecutive orders for a given degree. Due to this unfortunate circumstance, one cannot build the period spacing-Period (∆P-vs.-P) diagram which would have provided a useful tool to search for evidence of mode trapping. Considering Table 5 -1 for = 1 modes, one finds only few modes of consecutive order separated by a number of missing modes. While the data are compatible with a distribution of periods covering as much as 23 orders, one finds 14 possibly consecutive order modes. The situation is similar for the = 2 modes (Table 5 -2) where the entire period range covers 37 orders but where one finds only 9 possibly consecutive order modes. Hopefully, future observations may reveal additional modes which could fill the gaps so that a period spacingvs.-period diagram could eventually be built.
In comparing with the published models, those of Brassard et al. (1992) for instance, one finds a series close enough to HL Tau 76 with a total mass of 0.6 M , effective temperature of ≈12 000 K, and a range in hydrogen mass fraction −14 ≤ log q H ≤ −4 and helium mass fraction −8 ≤ log q He ≤ −2. The sensitivity of the period spacing to the various stellar parameters may be estimated from those results. For HL Tau 76, the total mass is .55 ± 0.03 M and T eff = 11 440 ± 350 K (Bergeron et al. 1995) . Within this small range of total mass and effective temperature, the dominant effect on the period spacing is due to the hydrogen mass fraction. In comparing with the various models of this sequence of Brassard's models (their Tables 2−5), one finds that HL Tau 76 period distribution is compatible with their moderately "thick" hydrogen models with log (q H ) ≥ −7.0. A precise constraint on the stellar parameters of HL Tau 76 must await a detailed comparison of the periods calculated for realistic models of HL Tau 76 with the observations described here. This is out of the scope of the present paper and will be presented in a forthcoming publication.
Summary
We have analysed the light curve of HL Tau 76 obtained during the WET XCOV18 campaign. We found as many as 78 peaks in the power spectrum. After eliminating the linear combinations, we are left with 36 significant independent modes. That is the richest spectrum found in any of the ZZ Ceti white dwarfs studied so far. The range of periods present in HL Tau 76 is exceptionally large, from 380 s for the shortest period to 1390 s for the longest. HL Tau 76 belongs to the group of ZZ Ceti stars close to the red edge of the instability strip which show both short and long periods. The presence of short periods in HL Tau 76, which belong to modes which seem to be still in the asymptotic regime, suggests that HL Tau 76 must have a moderatly "thick" hydrogen layer. We identified a few multiplets, doublets and triplets, which we interpret as = 1 modes split by rotation. From these multiplets we have derived an average period spacing of 48.0 s for the = 1 modes. By assuming that the modes observed in HL Tau 76 are in the asymptotic regime, we estimated the expected periods for consecutive order = 1 modes. The comparison with the observed periods leads to the identification of other = 1 modes. Some complex regions of the power spectrum are interpreted as due to overlapping = 1 and = 2 modes of close periods. We found some cases of doubtful identification since overlapping = 1 and = 2 modes are not rare. We also identify a number of = 2 modes which do not overlap with = 1 modes. Having identified = 1 and = 2 modes in the XCOV18 data, we looked back in earlier data, the WET XCOV13 and earlier archival data, to check that the periods extracted from those data do fit satisfactorily the = 1 and = 2 identifications proposed here. In doing this, we found 7 more independent modes which fit nicely the expected period distribution. We propose a preliminary identification for most of the 43 modes detected in HL Tau 76.
The rotation period derived from the rotational splitting is 2.2 days. There is no evidence for a dependence of the rotational splitting on the periods, which is compatible with the assumption that HL Tau 76 is rotating as a solid body at least in the outer layers.
Assuming the total mass and effective temperature well determined from spectroscopy, the period spacing may be used to estimate that the hydrogen mass fraction must be log (q H ) ≥ −7.0. In spite of the large number of modes present in HL Tau 76, their distribution within an extended range, between 380 s and 1390 s, does not allow to build a period spacing-vs.-Period diagram (∆P-vs.-P diagram) because of the large number of missing modes and the small number of consecutive order modes. As a consequence, it is not possible from the available data to derive information on potential mode trapping which would give another way to estimate the hydrogen mass fraction.
A detailed comparison between the observed periods determined in the present work and the periods of realistic models representative of HL Tau 76 should constrain more precisely the stellar parameters and the internal structure of HL Tau 76.
